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TERAHERTZ FREQUENCY RADIATION SOURCES AND DETECTORS BASED ON 
GROUP IV MATERIALS AND METHOD OF MANUFACTURE 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims the benefit of U.S. Provisional Application No. 
60/461,656, filed April 9, 2003, the contents of which are incorporated herein by 
reference. 

FIELD OF THE INVENTION 

[0002] The present invention concerns electrically-pumped terahertz (THz) 
frequency radiation sources and detectors using doped group IV materials as optical and 
absorption gain media. These optical gain media may also serve as the gain media of 
electrically-pumped THz frequency laser structures. 

BACKGROUND OF THE INVENTION 

[0003] Imaging, communication, and spectroscopic applications in the mid- and far- 
infrared regions have underscored the importance of developing reliable sources and 
detectors operating in the frequency range from 0.3 to 10 THz (1000 to 30 
wavelength). Recent studies, such as T-Ray Imaging by D. Mittleman et al. in IEEE Journal 
of Selected Topics in Quantum Electronics vol. 2 1996 and TeraHertz Technology by P. 
Siegel in IEEE Transactions on Microwave Theory and Techniques vol. 50 2002, suggest 
that terahertz interactions can enable a variety of new applications on a wide range of 
solids, liquids, gases, including polymers and biological materials such as proteins and 
tissues. 

[0004] For example, the resonant frequencies of many rotational and stretching 
transitions in complex organic molecules, such as proteins, are in this frequency range. 
Also, phonon energies of polar molecules may be in this range. Thus, THz frequency 
radiation sources may find significant uses in the fields of spectroscopic analysis and/or 
photochemical processes involving these molecules. 

[0005] Additionally, many materials are relatively transparent to THz frequency 
radiation, making a number of imaging applications are possible. This allows THz 
frequency radiation to be used to create images similar to X-rays. As the photon energy of 
THz frequency radiation is significantly less than that of X-rays, THz frequency radiation, or 
T-ray, images may be made without the ionizing radiation associated with X-ray images. 
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Thus, T-ray images may present fewer potential risks to the patient than present X-ray 
images. 

[0006] Compared to microwave devices, devices operating in the THz, or far- 
infrared, frequency range may allow significant reductions in antenna size, as well as 
providing greater communication bandwidth. Additionally, the shorter wavelength of THz 
frequency waves, compared to microwaves, allows greater resolution with THz frequency 
waves than is possible with microwaves. Commercial applications may include thermal 
imaging, remote chemical sensing, molecular spectroscopy, medical diagnosis, fire and 
combustion control, surveillance, and vehicle driver vision enhancement. Military 
applications may include night vision, rifle sight enhancement, missile tracking, space- 
based surveillance, and target recognition. 

[0007] Quantum cascade lasers (QCL's) fabricated from III-V materials have 
demonstrated light emission at wavelengths typically shorter than lOpm over large 
temperature ranges. However, these III-V compound semiconductor devices may have 
limitations due to the strong reststrahlen phonon absorption at THz frequencies. THz 
frequency radiation has also reported from silicon-based quantum well structures by G. 
Dehlinger et al. in Intersubband Electroluminescence from Silicon-Based Quantum Cascade 
Structures , Science, vol. 290, December 22, 2000. As with the III-V material QCL's, these 
silicon-based quantum cascade devices require the use of carefully controlled, epitaxial - 
processing techniques to form quantum well structures with sub-nanometer dimensional 
tolerances. 

[0008] Optically-pumped, phosphorus-doped silicon THz emitters have also been 
reported in Stimulated Emission from Donor Transitions in Silicon , Physical Review Letters 
84 (2000) by S. Pavlov et al. These optically-pumped emitters suffer from a small 
absorption cross-section for the C0 2 laser radiation (10.6pm wavelength) used to pump 
the devices. 

SUMMARY OF THE INVENTION 

[0009] An exemplary embodiment of the present invention is an electrically- 
pumped THz frequency radiation source, including an optical gain material with two 
electrodes electrically coupled to the optical gain material. The optical gain material is 
formed substantially of at least one group IV element and doped with at least one dopant, 
which has an intra-center transition frequency in a range of about 0.3THz to 30THz. 
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[0010] Another exemplary embodiment of the present invention is a method of 
manufacturing a THz frequency radiation source. An optical gain material is provided. The 
optical gain material is formed substantially of at least one group IV element and is doped 
with at least one dopant, which has an intra-center transition frequency in a range of 
about 0.3THz to 30THz. First and second electrodes are formed so as to be electrically 
coupled to the optical gain material. 

[0011] An additional exemplary embodiment of the present invention is an 
alternative method of manufacturing a THz frequency radiation source. A substrate is 
provided. An optical gain material layer is deposited on the substrate. The optical gain 
material layer is formed substantially of at least one group IV element and is doped with at 
least one dopant, which has an intra-center transition frequency in a range of about 
0.3THz to 30THz. First and second electrodes are formed so as to be electrically coupled 
to the optical gain material layer. 

[0012] A further exemplary embodiment of the present invention is another 
alternative method of manufacturing a THz frequency radiation source. A substantially 
undoped material formed substantially of at least one group IV element is provided. At 
least a portion of the substantially undoped material is doped with at least one dopant, 
which has an intra-center transition frequency in a range of about 0.3THz to 30THz, to 
form an optical gain material region. First and second electrodes are formed so as to be 
electrically coupled to the optical gain material region. 

[0013] Still another exemplary embodiment of the present invention is a THz 
frequency radiation detector, including an optical absorption material with two electrodes 
electrically coupled to the optical gain material. The optical absorption material is formed 
substantially of at least one group IV element and doped with at least one dopant, which 
has an intra-center transition frequency in a range of about 0.3THz to 30THz. 

[0014] Still an additional exemplary embodiment of the present invention is a 
method of manufacturing a THz frequency radiation detector. An optical absorption 
material is provided. The optical absorption material is formed substantially of at least one 
group IV element and is doped with at least one dopant, which has an intra-center 
transition frequency in a range of about 0.3THz to 30THz. First and second electrodes are 
formed so as to be electrically coupled to the optical absorption material. 

[0015] A still further exemplary embodiment of the present invention is an 
alternative method of manufacturing a THz frequency radiation detector. A substrate is 
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provided. An optical absorption material layer is deposited on the substrate. The optical 
absorption material layer is formed substantially of at least one group IV element and is 
doped with at least one dopant, which has an intra-center transition frequency in a range 
of about 0.3THz to 30THz. First and second electrodes are formed so as to be electrically 
coupled to the optical absorption material layer. 

[0016] Yet another exemplary embodiment of the present invention is another 
alternative method of manufacturing a THz frequency radiation detector. A substantially 
undoped material formed substantially of at least one group IV element is provided. At 
least a portion of the substantially undoped material is doped with at least one dopant, 
which has an intra-center transition frequency in a range of about 0.3THz to 30THz, to 
form an optical absorption material region. First and second electrodes are formed so as 
to be electrically coupled to the optical absorption material region. 

BRIEF DESCRIPTION OF THE DIRAWIWGS 

[0017] The invention is best understood from the following detailed description 
when read in connection with the accompanying drawings. It is emphasized that, 
according to common practice, the various features of the drawings are not to scale. On 
the contrary, the dimensions of the various features are arbitrarily expanded or reduced for 
clarity. Included in the drawing are the following figures: 

[0018] Figure 1 is a graph illustrating the dependence of electroluminescence 
intensity (relative units) on frequency (as well as wavelength and photon energy) for an 
exemplary boron-doped, silicon device with a resistivity of 1-10 Q-cm, at a temperature of 
4.4K. 

[0019] Figure 2A is a graph illustrating the dependence of electroluminescence 
intensity (relative units) on wavenumber at various drive currents for a similar exemplary 
boron-doped, silicon device, at a temperature of 4K. 

[0020] Figure 2B is a graph illustrating the dependence of electroluminescence 
intensity (relative units) on current density for the exemplary device of Figure 2A. 

[0021] Figure 3 is a graph illustrating the dependence of electroluminescence 
intensity (relative units) on wavenumber for an exemplary phosphorus-doped (slightly co- 
doped with boron), silicon device with a resistivity of approximately 5 Q-cm, at a 
temperature of 12. 3K. 
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[0022] Figures 4A, 4B, and 4C are side plan drawings of exemplary electrically- 
pumped THz frequency radiation sources, or THz frequency radiation detectors, according 
to the present invention. 

[0023] Figure 5 is a flowchart illustrating a method of manufacture for the 
exemplary electrically-pumped THz frequency radiation source, or radiation detector, of 
Figure 4A. 

[0024] Figure 6 is a flowchart illustrating a method of manufacture for the 
exemplary electrically-pumped THz frequency radiation source, or radiation detector, of 
Figure 4B. 

[0025] Figure 7 is a flowchart illustrating a method of manufacture for the 
exemplary electrically-pumped THz frequency radiation source, or radiation detector, of 
Figure 4C. 

DETAILED DESCRIPTION OF THE INVENTION 

[002S] The present invention involves the design and fabrication of semiconductor 
devices capable of producing and/or detecting THz frequency radiation. These exemplary 
devices are desirably formed in a group IV semiconductor material that has been doped 
with a dopant that has at least one intra-center transition in the THz frequency range. 
Electromagnetic radiation in the THz frequency range may be generated in group IV 
materials by electronic transitions in group III and V impurities, such as boron, 
phosphorus, gallium, antimony, arsenic, and aluminum. Although the exact mechanism is 
still unclear, it may be attributed to the hydrogenic character of the orbitals of these 
impurities. It is noted that polar phonons may be absent in the group IV semiconductor 
materials of these exemplary devices, offering the capability of low-loss guiding and 
reduced free-carrier absorption of THz frequency radiation in these materials. 

[0027] A number of THz frequency devices utilizing impurity transitions in doped 
group IV semiconductors are described in the exemplary embodiments below. Exemplary 
THz frequency radiation emitters according to the present invention are desirably 
electrically-pumped and produce THz frequency radiation with greater efficiency than 
previously seen in other electrically-pumped THz frequency radiation sources, such as the 
Si/SiGe quantum cascade structures reported by G. Dehlinger et al. 

[0028] Although it is contemplated that any group IV semiconductor material may 
be used in the exemplary embodiments of the present invention, it is noted that the silicon 
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and germanium material systems may have particular advantages. These material 
families are used in many established technologies and, thus, may utilize a number of well 
developed fabrication processes, such as monolithic circuit integration, which may allow 
relatively easy integration of THz frequency optical chips with additional circuitry capable 
of performing, for example, powerful signal processing algorithms. Additionally, silicon- or 
germanium- based designs may allow for simplified integration and better thermal 
conductivity between the optical gain material of the THz frequency device and substrates 
and/or device packages. Alternatively, it is noted that diamond and silicon carbide 
structures may offer advantages of mechanical stability and durability. 

[0029] Figures 1, 2A, 2B, and 3 illustrate experimental data from exemplary THz 
frequency radiation emitters constructed according to the exemplary embodiment of Figure 
4A. Figures 4A-C illustrate side-plan drawings of exemplary THz frequency radiation 
sources (or detectors) based on impurity transitions in doped group IV materials. The 
prospective features shown in phantom in Figures 4A and 4B illustrate additional 
exemplary embodiments of the present inventions. It is noted that, although these 
exemplary devices are generally described below in terms of their operation as radiation 
sources, one skilled in the art may understand that, as with other electrically-pumped 
quantum radiation sources, the same exemplary devices may form the basis of radiation 
detectors, by changing the bias circuitry. 

[0030] Figure 1 shows trace 100, depicting test results for electroluminescence at 
4.4 K obtained from an exemplary THz frequency radiation emitter according to the 
present invention, for example, the exemplary emitter shown in Figure 4. The exemplary 
THz frequency emitter used for the data of Figure 1 includes a 380 thick piece of 
crystalline silicon optical gain material 400 doped with boron to obtain a resistivity in the 
range of 1-10 Q-cm. Titanium/platinum/gold electrodes 402 and 404 were formed on the 
top and bottom surfaces, respectively, of optical gain material 400. The exemplary device 
used to obtain the data in Figure 1 measured approximately 120 pm x 190 pm. 

[0031] The data in trace 100 resulted from driving this exemplary device with a 
pulsed current having a peak current and voltage of 1.5 A and 100 V, respectively. Pulsed 
current trains of 727 pulses with 150:1000 ns (widthrperiod) were applied at a repetition 
rate of 413 Hz. The use of pulse trains helps to reduce heating of exemplary device. The 
spectral power emitted from one mesa facet of an exemplary device was recorded using a 
Fourier transform infrared spectrometer (FTIR) equipped with a silicon bolometer in a step- 
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scan mode to obtain a resolution of 4 cm" 1 . The FTIR was calibrated using a recessed- 
cone-type blackbody radiator. 

[0032] Trace 100 corresponds to the maximum output power from one mesa facet 
of the exemplary device and illustrates a THz range frequency spectrum having three 
narrow peaks centered around 8.1 THz. For efficient generation of THz frequency 
radiation, control of the resistivity of the optical gain material in these devices is desirable. 
The data in trace 100 is typical of several devices tested that had resistivities in the 1-10 
ft-cm range. It is noted that exemplary devices fabricated from substantially undoped 
(>1000 Q-cm), and highly doped (0.01 Q-cm) silicon wafers did not yield significant THz 
emissions. Inset 102 depicts the current density versus voltage characteristic of the 
exemplary device used in Figure 1. 

[0033] The emission energies shown in trace 100 correspond well to published 
values for the p 3/2 absorption lines in boron-doped silicon. Therefore, the THz frequency 
emission observed from these exemplary devices may be attributed to electrically excited 
hole transitions between boron dopant levels. However, the exact excitation mechanism of 
the states involved is unclear. It is noted that the center peak was the strongest for all 
exemplary devices tested. The time-averaged spectral power of the center peak in trace 
100 is 384 nW/meV. 

[0034] Figures 2A and 2B illustrate exemplary emission energies from another 
exemplary device fabricated from a p-type boron-doped silicon wafer with a resistivity of 
1-10 Q-cm (corresponding to an acceptor concentration, N A « 10 16 to 10 15 cm" 3 ). The 
emitted radiation was not polarized. Figure 2A shows the dependence of 
electroluminescence intensity (relative units) on wavenumber for the exemplary boron- 
doped silicon device, at a temperature of 4K. Figure 2B shows the dependence of time- 
averaged electroluminescence intensity (relative units) on current density for the 
exemplary device. 

[0035] To obtain the data for Figures 2A and 2B, four 1-mil gold wires were wedge- 
bonded to top electrode 402 to ensure sufficient current carrying capability. The 
exemplary device was attached to the copper cold finger of a liquid-helium cryostat using 
low-temperature-compatible two-component silver epoxy that allowed rapid cooling to 
temperatures between 4.4 and 350 K, as well as providing electrical contact to bottom 
electrode 404. Voltage pulse trains of varying duty cycle and pulse numbers were applied 
to the devices using a pulse generator. The exemplary emission spectra shown in Figure 
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2A were recorded using an FTIR in the step-scan mode calibrated with a black body 
source. At an applied current of 1.5 A, one device emitted a time averaged spectral power 
of 11.3 nW/cm at 8.1 THz, corresponding to pulses with a peak power of 3.78 jiW 
integrated over the wavelength spread of the peak. The devices operated well up to 
temperatures of 20 K, above which the intensity rapidly diminished. This device may be 
useful as a THz source that can be integrated with silicon circuits without the need for 
silicon-germanium epitaxy. 

[0036] The vertical scale versus wavenumber in Figure 2A is offset to separate the 
curves represent different pumping currents. Figure 2A demonstrates that the spectral 
shape is relatively constant with increasing pump current. The peak at 270 cm" 1 
corresponds to 8.1 THz. Also, as illustrated in Figure 2B, the intensity of the THz 
emissions increases linearly with pumping current density at low currents. (The open 
triangles correspond to the integrated intensity of all three emission lines, while the open 
circles correspond to the intensity of the central emission line.) The absence of square law 
dependence of intensity on current, and the sub linearity at higher current densities 
suggested that thermal blackbody radiation was negligible as a contribution to the 
observed THz emission. 

[0037] Figure 3 illustrates test results for the electroluminescence at 12.3 K 
obtained from another exemplary THz frequency radiation emitter. This exemplary THz 
frequency emitter includes a 380 [jm thick piece of crystalline silicon optical gain material 
400 co-doped with phosphorus (donor concentration, N D « 10 15 cm' 3 ) and boron (N A < 10 13 
cm" 3 ) to obtain a resistivity of 5 Q-cm. The boron may serve to partially compensate the 
phosphorus. Titanium/gold electrodes 402 and 404 were formed on the top and bottom 
surfaces, respectively, of optical gain material 400. This exemplary device also measured 
approximately 120 pm x 190 pm. 

[0038] The data in Figure 3 resulted from driving this exemplary device with a 
pulsed current of 400 mA. Pulsed current trains of 100 pulses with 250:2500 ns 
(width:period) were applied at a repetition rate of 413 Hz to reduce heating of exemplary 
device. The spectral power emitted from one mesa facet of an exemplary device was 
recorded using an FTIR in a step-scan mode with a resolution of 4 cm* 1 . 

[0039] The spectrum shows four emission peaks: peak 1 at 22.5 meV (or 
alternatively, 5.43 THz, or 55.11 pm); peak 2 at 27.26meV (6.58 THz, 45.49 pm); peak 3 
at 29.17 meV (7.04 THz, 42.51 pm); and peak 4 at 32.38 meV (7.82 THz, 38.30 pm). The 
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three lower energy emission peaks 1, 2, and 3 are sharper compared to peak 4. Peaks 1, 
2, and 3 correspond well to known energies for the intra-center phosphorus transitions of 

2p 0 \s(T 2 ), 2p* -» \s(T 2 ), and 3p + -> \s(E) , respectively. Broader peak 4, at 32.38 

meV, may originate from several transitions, including 4/? + ,5/? 0 ,5/? + ,6/? + -» \s(T 2 ) . It is 

noted that peak 2 was the strongest for all exemplary phosphorus-doped devices tested. 
The maximum peak power measured for the exemplary device was approximately 
20MW/facet. 

[0040] The exemplary electrically-pumped THz frequency radiation source (or 
detector) in Figure 4A includes doped optical gain material 400 sandwiched between 
electrodes 402 and 404. Doped optical gain material 400 is desirably formed primarily of 
one or more group IV elements, such as silicon, germanium, and carbon. This material 
may be crystalline or it may be amorphous. Use of crystalline or amorphous silicon, 
germanium, and/or silicon-germanium alloys may be desirable due to the sophistication of 
readily available semiconductor technologies in these materials. Alternatively, diamond 
and/or silicon carbide may be desirable material choices due to the mechanical toughness 
of these materials. Polycrystalline silicon and amorphous diamond may be used as optical 
gain material 400 as well. 

[0041] Doped optical gain material 400 is doped with at least one dopant having a 
THz frequency intra-center transition in a range of about 0.3THz to 30THz. This dopant 
intra-center transition frequency may typically be in the range of about O.STHz to lOTHz. 
Although any dopant having a THz frequency intra-center transition may be used, it may 
be desirable to use a shallow depth, group III or V dopant, such as boron, phosphorus, 
gallium, antimony, arsenic, and aluminum. It is also contemplated that deeper dopants, 
such as lithium and bismuth, may be desirably used as dopants in exemplary devices of 
the present invention. As noted above with reference to Figure 1, it may be desirable for 
doped optical gain material 400 to have a resistivity in the range of about 1 to 10 Q-cm. 

[0042] It may be desirable to co-dope doped optical gain material 400 with two or 
more co-dopants. These co-dopants may be of the same carrier type (i.e. either electron 
donors or acceptors), or may include at least one co-dopant of each carrier type. Co- 
dopants of differing carrier types (e.g., boron and phosphorus, as utilized in the exemplary 
device used to generate the data in Figure 3) may be added in differing concentrations. In 
this exemplary co-doping embodiment, the first, higher concentration co-dopant 
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(phosphorus in the case of Figure 3) desirably controls the output wavelength(s) of the 
device. The second, lower concentration co-dopant (boron in the case of Figure 3) partially 
compensates the dopant concentration of the first co-dopant, helping to control the 
resistivity of doped optical gain material 400. 

[0043] Co-dopants of the same carrier type (e.g., boron and gallium) may desirably 
be added in substantially similar concentrations. The two, or more, co-dopants in this 
exemplary co-doping embodiment desirably have different intra-center transition 
frequencies in the THz range. Therefore, the resulting exemplary device may emit THz 
frequency radiation at the various intra-center transition frequencies of the co-dopants, 
providing a broader output bandwidth, and potentially a higher efficiency. 

[0044] Electrodes 402 and 404 are desirably formed of a conductive material such 
as aluminum, gold, silver, copper, nickel, titanium, tungsten, platinum, germanium, 
polyaniline, polysilicon or a combination thereof. These electrodes are desirably formed on 
surface portions of doped optical gain material 400. Although electrodes 402 and 404 are 
shown on the top and bottom surfaces, respectively, of doped optical gain material 400 in 
Figure 4A, it may be understood by one skilled in the art that this electrode configuration 
is for convenience of illustration, and not limiting. The electrodes may be formed on other 
surfaces of doped optical gain material 400 and may even be formed on separate portions 
of the same surface (as shown in Figure 4C). 

[0045] It may be desirable for one or both of the electrodes to form a Schottky 
barrier contact with doped optical gain material 400. The resulting Schottky junction(s) 
may increase the efficiency of carrier injection from the electrodes into doped optical gain 
material 400, thus increasing the efficiency of THz frequency radiation generation in the 
exemplary device. Alternatively, one or both of electrodes 402 and 404 may form 
substantially ohmic contacts with doped optical gain material 400. In Figure 4A, an 
alternative exemplary embodiment is shown in which electrode 404 forms an ohmic 
contact to highly doped region 410 (shown in phantom) of doped optical gain material 
400. 

[0046] As illustrated in the exemplary spectra of Figures 1, 2A, 2B, and 3, the 
emission spectra of these exemplary devices are fairly broad, even without the use of co- 
dopants of the same carrier type. Particularly for spectrographic applications, a narrow 
emission spectrum may be desirable. An alternative embodiment of the exemplary THz 
frequency radiation source shown in Figure 4A may include reflectors such as facet 406 
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and mirror 408 to form a Fabry-Perot laser cavity with doped optical gain material 400 in 
the middle. The exemplary cavity may be formed by one reflective facet and one mirror, 
as shown in Figure 4A, or may be formed by either two reflective facets at opposite ends of 
doped optical gain material 400 or two mirrors. Desirably at least one of the reflectors of 
the Fabry-Perot laser cavity has a reflectivity of less than 100% to allow an output beam to 
be transmitted. Careful alignment of the reflectors may desirably allow lasing on a limited 
number of modes, producing an exemplary THz laser with a greatly reduced bandwidth as 
compared to the exemplary THz frequency radiation sources illustrated in the exemplary 
spectra of Figures 1, 2A, 2B, and 3. 

[0047] Reflective facet 406 may desirably be a cleaved facet, a multiple layer 
dielectric coating, or a metal coating that is electrically isolated. Mirror 408 may desirably 
be a metal or dielectric mirror, or may be an optical grating. If an optical grating is used 
as mirror 408, the grating may also be used to tune the output wavelength of the 
exemplary THz laser. 

[0048] It is noted that a single reflector, either facet 406 or mirror 408, may be 
used to help control the output direction of the THz frequency radiation of the exemplary 
THz frequency radiation source, creating a more intense output beam. 

[0049] Figure 5 illustrates an exemplary method of manufacturing an exemplary 
THz frequency radiation source according to Figure 4A. Doped optical gain material 400, 
formed substantially of at least one group IV element and doped with at least one dopant 
having an intra-center transition frequency in a range of about 0.3THz to 30THz, is 
provided, step 500. One exemplary, non-limiting, process for providing doped optical gain 
material 400 is shown in phantom in Figure 5. This exemplary process begins with 
providing a wafer formed substantially of the at least one group IV element and doped 
with the at least one dopant, alternative substep 502. The wafer may desirably be cleaned 
using a multi-step procedure (not shown) to remove organic and metallic contaminants 
and produce atomically smooth surfaces on the wafer. The wafer is diced to form a 
number of diced wafer pieces, alternative substep 504. As part of this alternative substep, 
rectangular mesas may be defined and desirably anisotropically reactive ion etched. It is 
noted that other wafer dicing procedures, such as cleaving, may also be used to perform 
this substep. One of the diced wafer pieces is selected as doped optical gain material 400, 
alternative substep 506. It is noted that it may be desirable to begin with a wafer and 
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perform the processing steps of the exemplary method of Figure 5 on a wafer level before 
dicing individual devices, so that alternative substeps 504 and 506 would follow step 510. 

[0050] First electrode 402, which is electrically coupled to doped optical gain 
material 400, is formed, step 508, and second electrode 404, which is also electrically 
coupled to doped optical gain material 400, is formed, step 510. These electrodes may be 
desirably formed by depositing conductive material onto surface portions of doped optical 
gain material 400 by vaporization deposition, evaporation deposition, or sputtering. As 
described above with reference to Figure 4A one or both of electrodes 402 and 404 may be 
formed by depositing a metal directly on the surface of the optical gain material to form a 
Schottky barrier contact. Alternatively, for one or both of the electrodes, the dopant 
concentration of a surface portion of doped optical gain material 400 may be increased and 
a conductive material deposited on that surface portion of the optical gain material to form 
a substantially ohmic contact. 

[0051] Figure 4B illustrates another exemplary THz frequency radiation source in 
which doped optical gain material 400 is coupled to substrate 412. Desirably, substrate 
412 may be formed of a group IV material or alloy. Alternatively, substrate 412 may be 
formed of another material on which doped optical gain material 400 may be easily 
deposited and may include multiple layers. Substrate 412 may supply additional 
mechanical stability to the exemplary THz frequency radiation source of Figure 4B and may 
assist in thermal management of the device. Additionally, substrate 412 may be 
electrically conductive and serve as the second electrode of the exemplary THz frequency 
radiation source. Alternatively, substrate 412 may be substantially electrically insulating 
and include circuitry and/or electrical connections that may be used to couple circuitry or a 
second electrode (not shown in Figure 4B) to doped optical gain material 400. 

[0052] Substrate 412 may also include distributed feedback element 414 (shown in 
phantom), which is optically coupled to doped optical gain material 400. Distributed 
feedback element 414, possibly coupled with a coated facet or external cavity mirror, may 
be used to induce the exemplary electrically-pumped THz frequency radiation source to 
emit coherent THz frequency radiation, forming an exemplary THz frequency distributed 
feedback laser. 

[0053] Figure 6 illustrates an exemplary method of manufacturing the exemplary 
THz frequency radiation source of Figure 4B. Substrate 412 is provided, step 600. The 
provided substrate may include multiple layers, circuitry, and/or distributed feedback 
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element 414. Doped optical gain material 400 is formed on this substrate, step 602. This 
optical gain material layer is formed substantially of at least one group IV element and 
doped with at least one dopant having an intra-center transition frequency in a range of 
about 0.3THz to 30THz. The optical gain material layer may be deposited using any 
standard semiconductor fabrication process, including: (i) sputtering optical gain material 
onto the substrate; (ii) depositing the optical gain materia! onto the substrate by 
vaporization deposition; (iii) depositing the optical gain material onto the substrate by 
evaporation deposition; and (iv) epitaxially growing the optical gain material on the 
substrate. 

[0054] A first electrode, which is electrically coupled to the optical gain material 
layer, is formed, step 604, as is a second electrode, step 606. These electrodes may be 
formed using any of the methods described above with reference to the exemplary method 
of Figure 5. It is noted that the second electrode may be formed on substrate 412 in this 
exemplary embodiment, if substrate 412 is formed of electrically conductive material. 

[0055] Figure 4C illustrates an additional exemplary electrically-pumped THz 
frequency radiation source. In this exemplary electrically-pumped THz frequency 
radiation source, doped optical gain material 400 is formed as a doped region within 
substantially undoped material 416, which is formed substantially of at least one group IV 
element. Figure 4C also illustrates an exemplary electrode configuration with electrodes 
402 and 404 formed on separate portions of the same surface of the group IV material 
piece which includes doped optical gain material 400 and substantially undoped material 
416. 

[0056] Figure 7 illustrates an exemplary method of manufacturing the exemplary 
THZ frequency radiation source of Figure 4C. A substantially undoped material formed 
substantially of at least one group IV element is provided, step 700. At least a portion of 
this substantially undoped material is doped, step 702, with at least one dopant that has 
an intra-center transition frequency in the THz range to form the doped optical gain 
material region. This region may be doped using any standard semiconductor doping 
technique, including: (i) diffusing the dopant(s) into the desired portion of the 
substantially undoped material; or (ii) ion implanting the dopant(s) into the desired 
portion of the substantially undoped material. 

[0057] First electrode 402 electrically coupled to optical gain material region 400 is 
formed, step 704, as is second electrode 404, step 706. These electrodes may be formed 
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using any of the methods described above with reference to the exemplary method of 
Figure 5. 

[0058] It is contemplated that exemplary electrically-pumped THz frequency 
radiation source of the present invention may be optimized for higher output power and 
higher temperature operation than the exemplary devices used to obtain the data 
illustrated in Figures 1, 2A, 2B, and 3. In particular, it is contemplated that further tests of 
exemplary devices formed with diamond and silicon carbide optical gain media may lead to 
higher temperature operation. The exemplary embodiments described above demonstrate 
a number of THz frequency radiation sources (and detectors) based on silicon germanium 
technology, as well as other group IV material processing technologies. These exemplary 
sources (and detectors) may find use in wide ranging fields, including biological, chemical, 
and medical imaging and various sensing applications. 

[0059] Although the invention is illustrated and described herein with reference to 
specific embodiments, the invention is not intended to be limited to the details shown. 
Rather, various modifications may be made in the details within the scope and range of 
equivalents of the claims and without departing from the invention. 



